Abstract
membrane proteins separated according to size under nondenaturing conditions by chromatography on Sepharose CL-6B contained a single peak of immunoreactivity that coincided with the native channel. On immunoblots of sarcolemmal membrane proteins, the antiserum reacted predominantly with a diffuse high molecular weight band that was comparable in. migratory characteristics to the large glycoprotein subunit of the purified channel.
Using immunocytochemical techniques, binding of this polyclonal antiserum was localized to the surface membrane of rat skeletal muscle. This staining was specifically blocked by pre-incubation of the antiserum with the purified channel protein. The antiserum also stained the surface membrane of rat cardiac muscle and the nodes of Ranvier in rat peripheral nerve. Species cross-reactivity was seen with mouse, human, and guinea pig skeletal muscle while chicken, rabbit, and frog muscle was not stained. The antiserum also reacted with the surface membranes of fetal rat muscle in tissue culture.
These results indicate that sodium channels in adult mammalian skeletal muscle, cardiac muscle, and peripheral nerve and in fetal muscle in culture all share common antigenic determinants. The antiserum should prove useful for topographical studies of sodium channel distribution in these tissues.
The membrane action potential that characterizes electrically excitable cells, such as mammalian nerve and muscle, is the result of transient sequential increases in membrane conductance to sodium and potassium ions (Hodgkin and Huxley, 1952) . These time-and voltage-dependent ionic conductances are controlled by separate intrinsic membrane proteins or channels (Armstrong, 1975) . During the past few years, the voltagedependent sodium channel has been solubilized and purified from eel electroplax (Agnew et al., 1978) and from mammalian muscle (Barchi et al., 1980) and nerve (Hartshorne and Catterall, 1981) , and many of its biochemical properties have been studied. However, information about the topographical distribution of sodium channels in excitable cells has been more difficult to obtain. Inferences concerning its distribution have been drawn largely from electrophysiological studies or from equilibrium measurements of radiolabeled toxin binding (Ritchic and Rogart, 1977a) .
Ideally, studies of the localization and distribution of a membrane protein require a specific irreversible label that can be visualized easily with the morphological techniques being employed. Localization of sodium channels at the light and electron microscopy levels has been hampered by the lack of a label that will identify only this channel protein and yet remain associated with the protein during tissue processing. Most natural neurotoxins bind reversibly (Ritchie and Rogart, 1977a) or dissociate rapidly with depolarization (Catterall, 1980) . The use of covalently incorporated toxins for histochemical localization has also proven difficult. ' Antibodies raised against purified proteins can provide specific labels for immunohistochemical studies. Polyclonal antibodies prepared against the sodium channel from eel electroplax have been used to localize the channel in that preparation (Ellisman and Levinson, 1982) but do not appear to cross-react with mammalian excitable membranes. The availability of purified rat sodium channel protein provided us with the opportunity to generate similar antibodies against the mammalian channel.
We report here the characterization of a rabbit polyclonal with purified sodium channel protein as described under "Materials and Methods." Increasing dilutions of immune serum were assayed using normal rabbit serum as control (Fig. 1) . SCP antiserum demonstrated specific binding to sodium channel protein that peaked at dilutions between 1:lOO and 1:lOOO. Specific immunoreactivity could be detected at dilutions in excess of 1:105. A small amount of binding over background was also seen to the detergent/lipid mixture used to stabilize the sodium channel during purification (NP-40/asolectin, 5:l molar ratio). This increased background (see Fig. 1 ) was not blocked by pre-incubation of the serum with NP-40/asolectin or with vesicles formed from the asolectin lipids. Preabsorption of the serum with rat liver powder also had no effect.
Immunoprecipitation antiserum using standard Western blotting techniques (Towbin et al., 1979) . Coomassie blue stains of these gels indicated a large number of resolved bands as published previously (Barchi et al., 1980) . After transfer of proteins and blocking of remaining sites with BSA, strips of the nitrocellulose image were exposed to SCP antiserum at varying dilutions and to parallel dilutions of normal rabbit serum. The bound IgG was then localized with ['251]goat anti-rabbit IgG. A diffuse band of M, -200,000 was labeled heavily by the SCP serum. This labeling was not seen in parallel strips exposed to normal rabbit serum (Fig. 3) . This labeled band was easily detectable with dilutions of the antiserum in excess of l:lOO,OOO and corresponded in location to the large glycoprotein subunit of the purified sodium channel run in this gel system. Two faint smaller bands were also seen near 40,000 with the SCP antiserum but not the control. A sharp, densely stained band near the dye front was consistently seen as an artifact with both control and hyperimmune serum.
Immunoreactivity of native sarcolemmal membrane proteins. We then evaluated the SCP antiserum for reactivity against sarcolemmal membrane proteins under nondenaturing conditions. Sarcolemmal membranes were solubilized in NP-40, and solubilized proteins were separated by chromatography on Sepharose CL-6B. Protein eluted from the column as a diffuse profile consistent with the spectrum of sizes of the molecular components present. The location of the sodium channel protein in the elution profile was identified by measurement of specific saxitoxin binding in each fraction. A single peak of specific toxin binding was seen preceding the main peak of protein (Fig. 4) . This peak eluted at a K,,, consistent with that previously reported by us for the sodium channel on Sepharose 6B (Barchi and Murphy, 1981) and co-migrated with the peak of purified sodium channel and toxin binding subsequently run After separation by SDS-PAGE, the proteins were transferred to nitrocellulose paper and exposed to SCP antiserum (I to 3) or control (4 to 6) antiserum at varying dilutions. Bound antibody was then identified with [1251]goat anti-rabbit IgG.
SCP antiserum showed prominent immunoreactivity with a diffuse band migrating at M, = about 200,000. This band corresponded in location to the large glycoprotein subunit of the purified sodium channel run in this gel system. A Coomassie blue stain of the separated membrane proteins prior to transfer is shown for comparison (7). Dilutions of serum used were: 1 and 4, 1:300; 2 and 5, 1:3,000; 3 and 6, 1:30,000.
on the same column. Each fraction of the column was then gated protein eluting at the column void volume. Normal rabbit assayed for immunoreactivity with normal rabbit serum and serum showed no immunoreactivity to any fraction in the SCP antiserum in the solid-phase radioimmunoassay. A single column profile. Antiserum previously absorbed against rat liver included peak of immunoreactivity was seen with the antiserum powder exhibited the same reactivity profile as the unabsorbed that coincided with the peak of specific saxitoxin binding in antiserum. the elution profile (Fig. 4) . In addition, a small amount of Immunocytochemical localization.
Immunocytochemical loimmunoreactive material was variably present in the aggre-calization of binding sites for the anti-sodium channel anti- serum was examined first in frozen cross-sections of rat anterior tibia1 or quadriceps muscle. Peroxidase-conjugated Staph A protein was used as the second reagent for visualization of the bound antibody at the light microscopic level. Control rabbit serum produced no staining under the conditions described under "Materials and Methods," although some reaction product, attributable to endogenous peroxidases, was seen in blood vessel endothelia.
The SCP antiserum, either before or after absorption against rat liver powder, demonstrated dense labeling of the sarcolemmal membranes in the cross-sectioned muscle (Fig. 5) . This labeling was most obvious at dilutions of the antiserum between 150 and 1:200, although the same pattern of staining was apparent at dilutions in excess of 1:lOOO. The surface membranes of muscle spindle fibers were stained to the same extent as other muscle fibers. Specific staining was not seen in connective tissue, blood vessels, or other nonmuscle elements. Rat soleus muscle, containing predominantly type II slow fibers, showed immunohistochemical staining characteristics with this antiserum indistinguishable from that seen in the predominantly fast fiber anterior tibia1 muscles. Staining of the muscle surface membrane was progressively blocked by preabsorption of the antiserum with increasing amounts of highly purified sodium channel protein (2500 pmol of saxitoxin binding/mg of protein) (Fig. 6) but not by preincubation with much larger amounts of bovine serum albumin or with buffer containing excess NP-LiO/asolectin. The purified sodium channel preparation used to block labeling competitively contained only three components: a large glycoprotein and two smaller peptides of M, = 38,000 and 45,000 (Barchi, 1983) . No staining was seen with either normal or SCP antiserum in sections of rat liver.
Cross-reactivity of the antiserum with the sodium channel of peripheral nerve was evaluated by incubating frozen longitudinal sections of rat sciatic nerve with antiserum followed by peroxidase-conjugated protein A. Brief treatment with osmium was included to aid identification of nodal structures. The antiserum produced dense staining of the nodes of Ranvier that was absent in sections treated with control rabbit serum (Fig.  7) . This staining often could be resolved as two parallel lines running longitudinally along the nodal gap at the location of the axonal membrane.
No staining of the axonal membrane under the myelin was seen, even in areas where the plane of section clearly passed through the axon. Background staining produced by the osmium was identical in sections treated with either control rabbit serum or SCP antiserum.
Rat cardiac muscle also showed specific reaction product along the surface membrane when frozen sections were exposed to the antiserum (Fig. 8) .
We then tested SCP antiserum for cross-reactivity with skeletal muscle from other species (Table I) . Strong cross- Figure 5 . The SCP antiserum stained surface membranes in rat skeletal muscle. Unfixed frozen sections obtained from fresh anterior tibia1 muscle were exposed to SCP antiserum or control rabbit serum and bound antibody subsequently localized with peroxidase conjugated to protein A. A, Phase contrast of control muscles. B, Muscle exposed to 1:lOO dilution of control rabbit serum. C, Muscle exposed to 1:lOO dilution of SPC antiserum. All micrographs were taken at an original magnification of x 312. Figure 6 . The muscle surface membrane staining produced by SCP antiserum was specifically blocked with highly purified sodium channel protein. Higher dilutions of antiserum (1:750) and a more sensitive rhodamine-conjugated goat anti-rabbit second antibody were used to reduce the quantity of purified channel needed to demonstrate block. The purified protein was from the preparation documented previously (Barchi, 1983) as having a specific activity of 2500 pmol of [3H]saxitoxin binding/mg of protein and contained only a high molecular weight glycoprotein and two smaller components of M, = 38,000 and 45,000. A, Phase contrast and fluorescence micrographs of rat skeletal muscle frozen sections exposed to a 1:750 dilution of normal rabbit serum. B, Parallel micrographs for muscle sections stained with SCP antiserum (1:750). C, Muscle stained with the same dilution of SCP antiserum previously incubated with 8 pmol of purified sodium channel/ml. All micrographs were taken at an original magnification of X 600. reactivity was observed in unfixed frozen sections of human comparable staining. Low levels of reactivity were found in skeletal muscle and mouse skeletal muscle. For the mouse,. guinea pig muscle. In each case, the pattern of reactivity was predominantly fast (extensor hallucis longus) and predomi-identical to that described for rat muscle. No cross-reactivity nantly slow (soleus) muscle were examined, again both showed was seen with chicken or rabbit muscle or with frog muscle. Figure 7 . SCP antisernm raised against sarcolemmal sodium channels also stained nodes of Ranvier in rat peripheral nerve. Unfixed rat sciatic nerve was frozen and sectioned longitudinally. Sections were exposed to normal rabbit serum (A) or SCP antiserum (B) followed by peroxidasenerve was frozen and sectioned longitudinally. Sections were exposed to normal rabbit serum (A) or SCP antiserum (B) followed by peroxidaseconjugated protein A. Dense labeling of the axonal membrane at the nodes of Ranvier was seen with SCP antiserum that was absent with control conjugated protein A. Dense labeling of the axonal membrane at the nodes of Ranvier was seen with SCP antiserum that was absent with control serum. SCP antiserum did not appear to stain axolemma in the internode under these conditions. Arrows indicate the location of nodes in each serum. SCP antiserum did not appear to stain axolemma in the internode under these conditions. Arrows indicate the location of nodes in each panel. panel.
Specific staining was seen in primary cultures of rat muscle position and behavior with the large glycoprotein subunit of and in L-6 cell lines as well, but not in cultured rat fibroblasts the purified sodium channel on that gel system. Finally, the under the same conditions. antiserum reacted only with those fractions of sarcolemmal membrane proteins separated on a molecular sieving column Discussion under nondenaturing conditions that contained specific saxitoxin binding activity. Polyclonal antibodies raised against purified proteins have The SCP antiserum exhibited positive immunohistochemical often proven useful for immunohistochemical studies, but inistaining against tissues known to contain the voltage-dependtial documentation of their specificity must be rigorous. Alent sodium channel but did not react with membranes of other though polyclonal and monoclonal antibodies to the purified cell types in the same animal. Staining of these channelsodium channel from eel electroplax have been reported (Elliscontaining cells was, in turn, blocked by prior exposure of the man and Levinson, 1982; Moore et al., 1982) , antibodies preantiserum to highly purified sodium channel protein in solution pared against purified mammalian sodium channel protein have but not by other proteins or by the detergent and phospholipids not been previously described. The availability of a purified present as stabilizing factors in the channel preparations. The voltage-dependent sodium channel from rat skeletal muscle in highly purified sodium channel that blocked immunofluoresour laboratory led us to attempt to prepare such an antiserum cence contained only the three bands on SDS-PAGE thought to this protein.
to be components of the channel itself (Barchi, 1983) . These Specificity of the resultant polyclonal antiserum was evaluconsiderations, along with the factors noted above, lend strong ated at a number of levels. First, the SCP antiserum exhibited support to the contention that the SCP antiserum reacts spehigh titers of reactivity against purified sodium channel protein cifically with the voltage-dependent sodium channel under the in a solid-phase radioimmunoassay.
Second, the antiserum was conditions employed. capable of specifically immunoprecipitating the sodium channel Surface membrane staining showed no significant variation from a preparation of crude solubilized membrane proteins in between fibers in rat skeletal muscle containing mixed fiber a form that retained the native saxitoxin binding properties types (types I, IIa, and IIB), such as rat tibialis anterior. The characteristic of this channel. Third, the SCP antiserum soleus muscle, which contains predominantly slow fibers (type stained predominantly a diffuse high molecular weight compo-I), showed staining with the SCP antiserum indistinguishable nent of -200,000 daltons on immunoblots of sarcolemmal memfrom mixed fiber type muscles, suggesting a similarity of sodium brane proteins separated by SDS-PAGE that was consistent in channels in these fiber types. In addition, the positive immu- Figure 8 . The surface membranes of cardiac ventricular muscle fibers were also stained by the SCP antiserum. Unfixed, frozen sections of rat cardiac muscle were exposed to a 150 dilution of control rabbit serum (A) or a comparable dilution of SCP antiserum (B). Micrographs were taken at an original magnification of X 312. noreactivity seen in the cardiac muscle sarcolemma indicates that the sodium channel in rat heart must also be structurally related to the skeletal muscle channel. The SCP antiserum was raised against the voltage-dependent sodium channel of skeletal muscle yet cross-reacted with the analogous channel in peripheral nerve, suggesting a basic structural similarity between these two proteins as expressed in shared antigenic determinants. This basic similarity is supported by the close correlation seen in the physical and chemical properties of the solubilized and purified sodium channels from rat brain and rat skeletal muscle (Barchi et al., 1980; Hartshorne et al., 1980; Barchi and Murphy, 1981; Hartshorne and Catterall, 1981; Barchi, 1983) . Polyclonal antibodies raised against the sodium channel of the eel electric organ, a musclederived structure, also cross-react with sodium channels in the peripheral nerve of that species (Ellisman and Levinson, 1982) . The absence of detectable immunoreactive material in the axonal membrane under the myelin sheath supports the concept that the sodium channels are localized only at the nodes of Ranvier and are either not present or are present at much lower densities in the internodal regions (Ritchie and Rogart, 1977b; Ellisman and Levinson, 1982) .
Antiserum raised against the rat sodium channel cross-reacts with the sarcolemmal channel of mouse and human skeletal muscle, indicating that some antigenic sites in this channel protein are shared amongst these species. The absence of crossreaction with rabbit is not surprising. Exposed antigenic sites on the sodium channel of species farther removed from rat, such as frog and chicken, may differ since cross-reactivity is not seen with these species. The polyclonal antiserum raised against adult skeletal muscle sodium channel also cross-reacts with the sodium channel of immature rat muscle in tissue culture. Thus, the immature form of the rat sodium channel Haimovich et al. Vol. 4, No. 9, Sept. 1984 also shares common antigenic determinants with the mature form.
The polyclonal antiserum described here appears to react specifically with the voltage-dependent sodium channel under the conditions described. It should prove useful for more detailed studies of topographical distribution of sodium channels in nerve and muscle.
